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"  The  subject  of  this  program  was  srructural  evaluation  of  mechanically 
fastened  composite  joints.  Program  objectives  were 'threefold: *  (1 )  development 
and  verification  by  test  of  improved  static  strength  methodology,*  (2)  experi¬ 
mental  evaluation  of  the  effects  of  manufacturing  anomalies  on  joint  static- 
strength",  and  (3)  experimetaai  evaluation  of  joint  fatigue  life.  . 
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*  'Program  activities-' to  accomplish  these  objectives  were  organized  under  five 
tasks.  Under  Task  1  -  Literature  Survey,  a  survey  was  performed  to  determine 
the  state-of-the-art.  in  design  and  analysis  of  bolted  composite  joints,'  : 
Experimental  evaluations  of  joint  static  strength  were  performed  under  Tasks  2 
and  3.  In  Task  2  -  Evaluation  of  Joint  Design  Variables ,/~T3trenp*.h  data  were 
obtained  through  an  experimental  program  ti  evlauate  the  effectt  of  twelve 
joint  design  variables j  Task  3  -  Evaluation  of>  Fianufac Turing  and  'Service 

Anomalies," j^f  f  ects  of  seven,,  anomalies  on  joint  strength  were  evaluated  experi¬ 
mentally  ancf^compared  with -Task-  strength  data^  f, 'Bolted  composite  joint 
durability  was  evaluated' under  Thsk  4  -  Evaluation  of  Critical  Joint  Design 
Variables  On  Fatigue  Life".  Seven  critical  design  variables  or  manufacturing 
anomalies  were  identified  based  on  Task  2  and  3  strength  data.  Under  Task  5  - 
Final  Analyses  and  Correlation^  Required  data  reduction,  methodology  development 
and  correlation,  and  necessary  documentation  were  performed.  ,/ 

This  report  documents  all  program  activities  performed  under  Tasks  2,  3, 

4  and  .5.  Activities  performed  under  Task  1  -  Literature  Survey,  were  pre¬ 
viously  reported  in  AFFDL-TR-78-179 .  Static  strength  methodology  and  evali'i- 
tions  of  joint  static  and  fatigue  test  data  are  reported.  Analytic  studies 
complement  methodology  development  and  illustrate:  the  need  for  detailed 
stress  analysis,  the  utility  of  the  developed  "Bolted  Joint  Stress  Field 
Model"  (BJSFM)  procedure,  and  define  model  limitations.  For  static  strength 
data,  correlations  with  analytic  predictions  are  included.  Data  trends  in 
all  cases  are  discussed  relative  to  joint  strength  and  failure  mode.  For 
joint  fatigue  studies,  data  trends  are  discussed  relative  to  life,  hole 
elongation,  and  failure  mode  behavior. 

Tills  final  report  is  organized  in  the  following  three  volumes: 

Volume  1  -  Methodology  Development  and  Data  Evaluation 

Volume  2  -  Test  Data,  Equipment  ar  ’  Procedures 

Volume  3  -  Bolted  Joint  Stress  Fie  i  d  Model  (BJSFMj  Computer  Program 
User's  Manual 
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FOREWORD 


The  'work  reported  herein  was  performed  by  the  McDonnell 
Aircraft  Company  (MCAIR)  of  the  McDonnell  Douglas  Corporation 
( MDC ) ,  St.  Louis,  Missouri,  under  Air  Force  Contract  F33615-77- 
C-3140,  for  the  Flight  Dynamics  Laboratory,  Wright-Patterson  Air 
Force  Base,  Ohio.  This  effort  was  conducted  under  Project  No. 
2401  "Structural  Mechanics",  Task  240101  "  Structural  Integrity 
for  Military  Aerospace  Vehicles",  Work  Unit  24010110  "Effect  of 
Variances  and  Manufacturing  Tolerances  on  the  Design  Strength  and 
Life  of  Mechanically  Fastened  Composite  Joints".  The  Air  Force 
Project  Engineer  at  contract  go-ahead  was  Mr.  Roger  J. 
Aschenbrenner  ( AFWAL/FIBEC) ;  in  December  1979,  Capt.  Robert  L. 
Gallo  (AFWAL/FIBEC)  assumed  this  assignment.  The  work  described 
was  conducted  during  the  period  15  February  1978  through  15  April 
1981. 

Program  Manager  was  Mr.  Ramon  A.  Garrett,  Branch  Chief 
Technology,  MCAIR  Structural  Research  Department.  Principal 
Investigator  was  Mr.  Samual  P.  Garbo,  MCAIR  Structural  Research 
Department. 
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INTRODUCTION 


The  objective  of  the  five  task  program  was  to  develop  and 
verify  improved  methods  for  predicting  static  strength  and  to 
experimentally  evaluate  the  durability  of  bolted  composite 
joints.  This  volume  summarizes  the  procedures  and  equipment  used 
to  conduct  the  experimental  verification  program  associated  with: 
Task  2  -  Evaluation  of  Joint  Design  Variables,  Task  3 

Evaluation  of  Manufacturing  and  Service  Anomalies  and  Task  4  - 

Evaluation  of  Critical  Joint  Design  Variables  on  Fatigue  Life. 

Results  of  all  testing  are  tabulated  and  representative 
photographs  of  specimen  failures  included.  The  body  of  this 
document  is  divided  into  the  following  sections  for  each  task: 

1.  Test  Matrix  and  Test  Objectives 

2.  Specimen  Configurations 

3.  Specimen  Quality  Assurance 

4.  Panel  Fabrication 

5.  Specimen  Fabrication 

6.  Test  Procedures 

7.  Test  Equipment  Used 

8.  Special  Procedures 

9.  Test  Data 


SECTION  II 


RESULTS  OF  TASK  2  TESTING  -  JOINT  DESIGN  VARIABLES 


1.  TEST  MATRIX  AND  TEST  OBJECTIVES  -  The  objective  of  Task  2  was 
to  obtaTn  strength  data  for  applicat ion-oriented  bolted  composite 
joints  through  an  experimental  test  program.  The  experimental 
program  to  evaluate  the  effect  of  twelve  design  variables  on 
laminate  static  strength  is  summarized  in  Figure  1. 

This  test  matrix  defines  numbers  and  types  of  tests,  design 
variables  studied  and  number  of  specimens  tested.  The  test 
matrix  was  textured  to  eliminate  unnecessary  combinations  of  load 
and  environmental  conditions.  Tests  were  performed  at  three 
environmental  conditions  for  selected  joint  design  variables; 
room  temperature  dry  (RTD),  room  temperature  wet  (RTW)  and 
elevated  temperature  wet  (ETW) .  Elevated  temperature  testing  at 
250°F  and  specimen  moisture  content  of  approximately  .86  percent 
by  weight  were  selected  as  representative  of  structural  environ¬ 
ments  for  near  term  multi-mission  high  performance  fighter 
aircraft.  A  replication  of  four  tests  were  performed  for  each 
design  variable  for  a  total  of  428  tests  in  Task  2. 

All  joints  tested  in  Task  2  were  a  variation  of  the  base¬ 
line  configuration  presented  in  Figure  2.  The  two-bolt- in- tandem 
configuration  complements  existing  pure  bearing  load- trans f er 
data  bases  and  is  representative  cf  current  design  practices. 
Load  transfer  in  two-bolt  specimens  is  pure  bearing  in  the  first 
hole  and  by-pass  plus  bearing  in  the  second  hole,  permitting  a 
dual  appraisal  of  strength  analysis  capabilities. 

2.  SPECIMEN  CONFIGURATIONS  —  Four  general  test  specimen  con  fig¬ 
urations  were  used  in  Task  2;  (a)  a  single  bolt  pure  bearing, 
(b)  a  two- bolt- in-tandem  (load  sharing),  (c)  a  four  bolt  fastener 
pattern  specimen,  and  (d)  a  two  bolt  load  interaction  configura¬ 
tion,  all  of  which  are  shown  in  Figure  3.  Specific  geometry 
variations  required  for  each  design  variable  are  detailed  in 
tables  associated  with  the  illustrated  configurations. 

Four  tests  were  obtained  from  each  room  temperature  dry 
specimen  with  both  a  single  bolt  and  double  bolt  configuration 
(Figure  4).  These  specimens  were  tested,  the  failed  portion  of 
the  specimen  machined  off  and  a  new  hole(s)  drilled  for  subse¬ 
quent  testing.  Length  of  the  removed  portion  depended  upon 
extent  of  damage  sustained  during  the  preceding  test.  Ultrasonic 
C-scans  indicate  that  laminate  damage  is  c  mfined  to  the  vicinity 
in  front  of  and  immediately  around  the  bolt  hole  while  the  gross 
laminate  is  unaffected  by  a  previous  static  test  due  to  the  low 
laminate  strain  levels  at  failure.  This  procedure  minimized  the 
amount  of  material  used,  minimized  material  variation  between 
tests  and  utilized  a  common  strain  gage.  Every  specimen  was 
strain  gaged  as  shown  in  the  individual  figures. 
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JOINT  OESIGN  VARIABLE  TEST  SPECIMEN 


Task  2  •  Joint  Design  Variables  Test  Matrix 


JOINT  DESIGN  VARIABLE  TEST  SPECIMEN 


Figure  1.  (Continued)  Task  2  •  Joint  Design  Variables  Test  Matrix 


LAMINATE:  LAYUP  NO.  1  50/40/10 

STACKING  SEQUENCE:  [+45°,  0°,  -45°,  0°,  90°,  0°,  +45°,  0°,  -45°,  0°]  s 

THICKNESS  (t):  0.208  IN.  NOMINAL  (20  PLIES) 

HOLE  SIZE  (d):  0.2495  IN.  NOMINAL 

HOLE  CLEARANCE:  MCAIR  CLASS E  FIT  0.2495  (+0.0022/-0.0000)  IN. 

FASTENER  TYPE:  ST3M  453-4  (0.2495  +  0.0000/-0.0005  IN.  DIAMETER) 

TORQUE  VALUE:  50  IN.-LB  (1/4  IN.  FASTENER) 

WIDTH  (w):  1 .50  I N .  ( w/2d  =  3.0) 

EDGE  DISTANCE  (e):  0.75  IN.  (e/d  =  3.0) 

HOLE  SPACING(s):  1.00  IN. 

LOAD  CONFIGURATION:  DOUBLE-SHEAR 

Figure  2.  Baseline  Specimen  Configuration 
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Specimen 
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45 

d)  Load  Interaction  Specimen* 


Figure  3.  (Continued)  Single -Test  Specimens 
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Strain  Gage 


+0.0022  _V 
a’  -0.0000  lvp 


Note:  All  dimensions  are  in  inches. 

Failed  portion  of  test  specimen  machined 
off  prior  to  hole  drilling. 
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Figure  4.  (Continued)  Multitest  Specimens 


For  specimens  requiring  moisture  preconditioning,  only 
single  tests  were  performed  with  each  specimen  to  minimize 
out-time  prior  to  specimen  testing.  In  Task  2,  47  multi-test, 
204  single  test,  60  fastener  pattern  and  16  load  interaction 
specimens  were  required  to  complete  the  experimental  evaluation 
of  joint  design  variables. 

3.  SPECIMEN  QUALITY  ASSURANCE  -  Hercules  AS/3501-6  graphite- 
epoxy  Ho  104  inch  per  ply)  was  used  for  fabrication  of  311  test 
specimens.  Sixteen  specimens  were  fabricated  with  Narmco  T300/ 
5208  graphite -epoxy  (.0054  inch  per  ply).  Prior  to  testing,  a 
three  phase  procedure  to  assure  quality  of  test  specimens  was 
performed . 

First,  material  prepreg  v as  mechanically  and  physically 
tested  to  conform  with  McDonnell  material  specifications  for 
prepreg  resin  content,  resin  flow,  volatiles,  resin  tack,  fiber 
areal  weight,  and  mechanical  properties.  A  vendor  certification 
was  required  with  each  shipment  of  prepreg,  to  document  that  it 
had  been  tested  and  found  acceptable  to  the  same  requirement. 
Upon  receipt  of  shipment  at  MCAIR,  a  receiving  inspection  was 
performed  to  repeat  certain  mechanical  and  physical  tests  to 
assure  that  prepreg  material  was  acceptable  for  usage  in  panel 
fabrication. 

Process  control  panels,  3  in.  x  4  in.  x  8  plies  (  .08  inch)  , 
accompanying  each  autoclave  cure  cycle  constituted  the  second 
phase  of  quality  assurances.  Interlaminar  shear  specimens 
machined  and  tested  from  these  panels  verified  acceptability  of 
each  cure  cycle  run.  After  fabrication,  each  panel  was  inspected 
using  ultrasonic  reflection  plate  techniques  per  MCAIR  process 
specifications . 

The  third  phase  of  specimen  quality  assurance  required  that 
machining  and  drilling  of  each  specimen  be  in  conformance  with 
MCA  r  R  standards.  Only  specimens  which  were  acceptable  in  all 
three  phases  of  quality  assurance  were  used  in  this  test  program. 

4.  PANEL  FABRICATION  -  Nineteen  graphi te-epoxy  panels  were  fabri¬ 
cated  for  Task  2.  Panel  dimensions,  corresponding  ply  orienta¬ 
tions,  and  stacking  sequences  are  listed  in  Figure  5.  Three 
layup  variations  were  fabricated  from  the  0°,  +45°,  90°  family  of 
ply  orientations;  a  baseline  50/40/10  laminate  (stacking  sequence 
no.  1)  a  30/60/10  laminate  (no.  2)  and  a  70/20/10  laminate  (no. 
3).  All  other  stacking  sequence  numbers  in  Figure  5  refer  to 
variations  of  the  baseline  50/40/10  layup  in  thickness  or 
stacking  sequence. 

All  panels  were  fabricated  per  MCAIR  process  specifications. 
Interlaminar  shear  specimens  fabricated  from  accompanying  process 
control  panels  were  tested  to  validate  each  cure  cycle  run.  All 
panels  were  accepted  for  testing  in  Task  2.  The  nondestructive 
evaluation  of  the  nineteen  panels  by  ultrasonic  reflection  plate 
techniques  indicated  no  anomalies. 
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Panel 

Number 

Dimensions  (in.) 

No.  of 
Plies 

Stacking 
Sequence 
(See  Note) 

Graphite/Epoxy  Prepreg 
Material  Used 

L 

W 

Lot  No. 

Spool  No. 

1 

40 

24 

20 

A 

953 

3 

2 

32 

12 

2 

3 

A 

1 

4 

A 

5 

A 

6 

48 

18 

40 

A 

953 

3 

7 

60 

A 

3  (Plies  1  18) 

4  (Plies  19  -  60) 

8 

24 

20 

A 

4 

9 

25 

12 

A 

984 

2 

10 

48 

24 

A 

11 

40 

12 

12 

33 

24 

3 

13 

35 

14 

40 

12 

20 

A 

2 

15 

24 

A 

3 

16 

33 

A 

1 

17 

35 

12 

40 

A 

1,297  A 

11  A 

18 

A 

19 

48 

24 

20 

A 

984 

3  (Plies  1  -  12) 

1  (Plies  13  *  20) 

Notes: 

A  (+45°,  0°,  -45°,  0°,  90°,  0°,  +45°,  0°,  -45°,  0°]  s 
A  [>45°,  -45°,  0°2,  +45°,  90°,  -45°,  0°31  s 
A  [(+45°.  -46°)2.  90°.  0°5]  s 
A  [+45°,  -45°,  0°2,  90°,  0°,  +4S°,  -45°,  0°2]  $ 

A  [+45°,  -45°,  0°5,  +45°,  -45°,  90°]  g 
A  [+45°,  0°.  -45°,  0°.  90°,  0°,  +4S°,  0°,  -45°.  0°]  2S 
/ \  [+45°,  0°.  -45°,  0°,  90°,  0°,  +45°.  0°,  -45°.  0°!  35 


A  [  t-450,  90°,  -  45°,  90°,  0°,  90°,  +45°,  90°,  -45°,  90°)s 
A  (+45°,  0°,  -  45°,  0°3,  90°,  0°3]  s 

A  [+45°,  0°,  -  45°,  0°,  +45°,  90°,  -45°,  0°,  +45°,  -45°)  s 

A  [+45°2,  0°2,  — 45°2,  0°2,  90°2,  0°2,  t45°2,  0°2,  -45°2,  0°21S 

A  !  45c2,  0°2,  -  45°2,  0°2,  +45°2,  90°2,  -45°2,  0°2,  +45°2,  -45°2)  g 

A  NARMCO  T300/5208  (b  mil  per  ply  thickness)  Graphito/Eooxy  prepreg 
material  was  used  in  the  fabrication  of  panel  numbers  17  and  18.  All 
other  panels  were  fabricated  using  Hercules  AS/3501  -6  (10  mil  per  ply) 
Graphite/F.poxy  prepreg  material. 
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Figure  5.  Panel  Configurations 
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5.  SPECIMEN  FABRICATION  -  Individual  specimens  were  machined 
from  the  panels  per  MCAIR  composite  machining  processes.  Each 
specimen  was  uniquely  numbered  to  identify  panel  number,  indivi¬ 
dual  specimen  number  and  test  variable  assignment  according  to 
the  following  code: 

XXX  XX  -  X 

specimen  number 

•-panel  number 


L  variable  number 


This  coding  facilitates  tracing  a  specimen  back  to  its  panel  and 
location  within  the  panel  if  necessary.  Generally,  specimens 
tested  for  each  design  variable  were  selected  from  the  total  body 
of  specimens  by  a  random  sampling  procedure  to  preclude  test  data 
bias  due  to  panel-to-panel  variation  In  some  test  conditions, 
this  involved  random  selection  of  specimens  from  only  one  fabri¬ 
cated  panel,  or  if  there  were  only  a  few  specimens  of  unique 
geometry,  no  randomization  procedure  could  be  used.  In  other 
test  conditions,  however,  where  sufficient  number  of  specimens 
existed,  selection  of  specimens  from  more  than  one  panel  was 
possible.  Standard  randomization  selection  processes  were  used; 
specimens  were  numbered  and  conventional  procedures  were  used  to 
generate  random  numbers  for  test  condition  assignments. 

A  total  of  327  specimens  were  fabricated  for  Task  2. 
Reserve  space  was  allocated  in  all  panels  to  permit  duplication 
of  specimens  from  the  same  data  base  as  necessary.  Thickness, 
width  and  hole  diameter  were  measured  for  each  specimen. 

6.  TEST  PROCEDURES  -  All  specimens  were  tested  to  static  failure 
under  tensile  or  compressive  loadings  as  indicated  in  the  Task  2 
test  matrix  (Figure  1).  Data  documented  for  all  test  specimens 
included: 

o  Thickness,  width  and  hole  size  measurements 
o  Failure  load  and  failure  strains 
o  Load  vs.  strain  plots  to  failure 
o  Load  vs.  deflection  plots  to  failure 
o  Weight  gain  of  humidity  exposure  specimens 
o  Representative  photographs 


A  double  shear  load  block  with  1/4  inch  diameter  bolts 
torqued  to  50  in-lb  was  the  loading  fixture  used  for  most  tests. 
Joint  load-deflection  data  was  obtained  from  an  externally 
mounted  compliance  gage.  Deflections  were  measured  relative  to 
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points  on  the  specimen  and  on  the  load  block  outside  of  the  load 
transfer  area.  A  typical  double  shear  test  setup  and  compliance 
gage  configuration  is  shown  in  Figure  6. 

Specimens  requiring  moisture  preconditioning  were  stored  in 
environmental  control  chambers  and  their  moisture  content  moni¬ 
tored  selectively  by  measuring  weekly  weight  changes.  A  multi¬ 
phase  moisture  preconditioning  cycle,  shown  in  Figure  7,  was  used 
for  baseline  thickness  specimens  to  minimize  preconditioning  time 
required.  Specimens  were  exposed  initially  to  95  percent  rela¬ 
tive  humidity  at  180°F  until  an  average  moisture  content  of 
approximately  1.0  percent  was  achieved.  Specimens  were  then 
exposed  to  a  relative  humidity  of  55  percent  to  achieve  an  equi¬ 
librium  moisture  content  (i.e.  constant  through  the  thickness)  of 
approximately  .86  percent  by  weight.  This  moisture  content  is 
that  which  would  be  achieved  in  laminate  thicknesses  typical  of 
fighter  aircraft  wing  skins  e  iosed  to  a  year  round  average 
relative  humidity  of  81  percent  80°F  for  ten  years. 

A  one-step  preconditioning  at  95%  relative  humidity  and 
180®F  was  used  for  all  40  and  60  ply  specimens  to  achieve  desired 
average  moisture  levels  in  less  than  one  year.  However,  through- 
the-thickness  moisture  levels  were  not  expected  to  be  uniform  for 
these  specimens. 

All  specimens  tested  at  250°F  were  stabilized  for  10  minutes 
at  temperature  before  testing.  All  humidity-exposed  specimens 
were  weighed  immediately  before  and  after  environmental 
exposures.  Moisture  data  for  each  specimen  is  presented  in 
Section  II. 9,  Tables  1  through  3. 

7.  TEST  EQUIPMENT  -  Two  test  machines  were  used  for  tests  in 
Task  2;  a  Tatnall  Testing  Machine  with  a  maximum  tensile  or  com¬ 
pressive  load  capability  of  75,000  pounds  and  a  Materials  Testing 
System  (MTS)  machine  with  a  maximum  tensile  or  compressive  load 
capability  of  100,000  pounds.  Both  machines  were  equipped  with 
MTS  hydraulic  grips  and  variable  load  rate  capability  in  terms  of 
head  travel  per  minute  or  applied  load  per  minute.  Accuracy  of 
both  machines  is  +1  percent  of  load  range.  Calibrations  were 
performed  quarterly  per  ASTM  standards. 

Load  blocks  were  fabricated  for  each  specimen  configuration 
in  Task  2.  Torque-up  was  applied  in  the  double  shear  face  con¬ 
figuration  by  using  "floating"  bushings  in  the  load  block  through 
which  a  bolt  is  installed  and  torqued.  The  effect  of  a  counter¬ 
sunk  fastener  was  achieved  through  use  of  conical  shaped  bushing 
ends.  Load  clevises  were  steel  and  designed  to  a  minimum  load 
clevis-to-laminate  stiffness  ratio  of  ten  to  prevent  significant 
variations  in  bolt-load  distributions  if  material  mechanical 
properties  changed.  Titanium  and  aluminum  were  used  as  the  load 
block  material  for  those  tests  requiring  different  load  sharing 
capabilities  (see  test,  matrix,  Figure  1). 
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Figure  6.  Double-Shear  Test  Setup 
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Specimens  Removed  and  Tested 
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Figure  7.  Environmental  Exposure  Schedule 


Load  interaction  specimens?  were  tested  with  a  specially 
designed  loading  fixture.  This  tesr  fixture  (Figure  8)  con¬ 
sisted  of  identical,  hydraulically  actuated,  scissor  mechanisms 
on  each  side  of  the  test  specimen.  Sel f-equil itorating  bearing 
loads  were  introduced  on  the  test  specimen  in  a  double  shear 
conf iguration.  By-pass  loads  were  applied  independently  through 
conventional  hydraulic  grips  at  the  ends  of  the  specimen.  Bear¬ 
ing  loads  were  held  constant  as  the  by-pass  load  was  increased. 
This  load  interaction  fixture  can  be  mounted  at  any  angular 
orientation  on  the  test  specimen  (Figure  8). 
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Additional  equipment  used  in  this  task  were: 

o  Moisture  conditioning:  Blue  M  Environmental  Chambers 

o  Weight  measurements:  Mettler  Balance 

8 .  SPECIAL  PROCEDURES  -  Four  fastener  pattern  specimens  were 
subjected  to  a  salt  spray  environment  prior  to  static  testing. 
After  96  days  of  humidity  exposure  following  the  schedule  in 
Figure  7,  the  specimens  were  exposed  for  34  days  to  a  salt  spray 
environment.  This  environment  consisted  of  a  5%  NaCl  salt  spray 
at  95°F.  An  Albert  Singleton  Corp.  salt  spray  cabinet  was  util¬ 
ized.  The  specimens  -were  mechanically  fastened  to  an  aluminum- 
plate  prior  to  salt  spray  exposure  to  simulate  the  test  configura¬ 
tion.  An  exploded  view  of  the  test  set-up  after  salt  spray 
exposure  is  shown  in  Figure  9. 

9.  TEST  DATA  -  This  section  contains  all  specimen  geometric 
data,  final  moisture  content  data,  failure  loads,  failure  strains 
and  failure  mode  information  for  each  specimen  tested  in  Task  2. 
Test  results  are  divided  in  two  parts;  single  fastener  joints  and 
multiple  fastener  joints. 

a.  Single  Fastener  Tests  -  Tension  and  compression  strength 
test  data  for  the  single  fastener  joints  are  presented  in  Tables 
1  and  2  respectively.  Specimen  and  test  setups  are  shown  in 
Figure  10.  Representative  photographs  of  specimen  failures  are 
shown  in  Figures  11  through  20. 

b.  Multiple  Fastener  Tests  -  Test  data  for  multiple  fas¬ 
tener  joints  and  the  load  interaction  specimens  are  presented  in 
Tables  3,  4  and  5.  Individual  specimen  and  test  set-ups  for 
these  tests  are  included  in  Figure  2\,  ,  Photographs  of  representa¬ 
tive  failed  multiple  fastener  specimens  are  shown  in  Figures  22 
through  27. 
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TABLE  1.  TENSION  STRENGTH  TEST  DATA 
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2  3-9  0.75  „  0.1858  1  505  0.2503  3,400  j,448  1,030  1,036 

— — -  3A,  10A  - — -  25C°F - -  - - 

2-3-8 _  0,78  0.1934  1.503  0.2493  3,230  S  =  180  1,165  S  =  77 

0.78  0.1929  1.503  0.2506  3,660  1,160 


TABLE  1.  (Continued)  TENSION  STRENGTH  TEST  DATA 
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TABLE  1.  (Concluded)  TENSION  STRENGTH  TEST  DATA 
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TABLE  2.  (Concluded)  COMPRESSION  STRENGTH  TEST  DATA 


Test  Configuration  10A 


Figure  10.  Single  FaMener  Test  Setups 


fslote  Drvftnstons  iufi  m  snchRS. 


QP13  0115  2» 


Figure  10.  (Continued)  Single  Fastener  Test  Setups 
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Figure  10.  (Continued)  Single  Fastener  Test  Setups 
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Figure  10.  (Continued)  Single  Fastener  Test  Setups 
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Figure  10.  (Continued)  Single  Fastener  Test  Setups 
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Figure  20.  Bearing-Net  Section  Mode  of  Failure 
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TABLE  3.  (Continued)  TENSION  STRENGTH  TEST  DATA 
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TABLE  3.  (Continued)  TENSION  STRENGTH  TEST  DATA 
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COMPRESSION  STRENGTH  TEST  DAT 
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TABLE  4.  (Concluded)  COMPRESSION  STRENGTH  TEST  DATA 
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Testing  terminated  because  of  instability  of  specimen  under  compression  loading 


Test  Configuration  21 A 


OP13-0115-1M 


Figure  21.  Multiple  Fastener  Test  Setups 
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Test  Configuration  21 B 


Load  Block 


Bulling 


-3.00- 


12.50 


ST3M453-6-34 

Bolt 


r 

1.50 

L 


Test 

Specimen 


Note:  All  dimensions  ere  in  inches. 
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Figure  21  (Continued)  Multiple  Fastener  Test  Setups 
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Test  Configuration  21 D 
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Note:  All  dimensions  ire  in  inches. 
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Figure  21  (Continued)  Multiple  Fastener  Test  Setups 
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Figure  21.  (Continued)  Multiple  Fastener  Test  Setups 
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Specimen  Number  1-1-8 


Plan  View  of  Failure 


Specimen  Number  3-23-5 


DPI  3411  $-172 


Figure  24.  Bearing  (Compression  Test)  Mode  of  Failure 
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Figure  25.  Fastener  Pattern  Tension  Test  Specimens  After  Testing 


Specimen  Number  11-13  13 


Figure  26.  Tension-Cleavage  Mode  of  Failure 


SECTION  III 


RESULTS  OF  TASK  3  TESTING  -  MANUFACTURING  AND  SERVICE  ANOMALIES 


1.  TEST  MATRIX  AND  TEST  OBJECTIVES  -  The  objective  of  Task  3  was 
to  evaluate  the  effects  of  commonly  occurring  manufacturing  and 
service  anomalies  on  the  static  strength  of  bolted  composite 
joints.  Information  obtained  from  the  literature  survey  of  Task 

I  was  used  in  conjunction  with  recent  manufacturing  experience  to 
identify  realistic  test  variables.  Seven  anomalies  were  selected 
for  experimental  evaluation.  The  Task  3  test  matrix,  shown  in 
Figure  28,  details  selected  test  variables  and  test  parameters. 

To  obtain  comparable  results  to  baseline  strengths  of  joints 
not  possessing  anomalies  from  Task  2,  the  Task  2  baseline  test 
specimen  configuration  was  used  to  evaluate  the  effect  of  each 
anomaly  on  static  strength.  Three  environmental  conditions  were 
selectively  evaluated;  room  temperature  dry  ( RTD) ,  room  tempera¬ 
ture  wet  ( RTW)  and  elevated  temperature  wet  (ETW).  These  test 
conditions  were  the  same  as  those  evaluated  in  Task  2.  A  replica¬ 
tion  of  four  tests  per  anomaly  and  environment  were  performed, 
for  a  total  of  116  tests  in  Task  3. 

2 .  SPECIMEN  CONFIGURATIONS  -  Only  one  test  specimen  configura¬ 
tion  was  needed  to  complete  the  Task  3  experimental  evaluation;  a 
two  bolt  in-tandem  load  sharing  specimen.  This  configuration  was 
incorporated  in  two  types  of  specimens;  a  single  data  point 
specimen  and  a  multiple  data  point  specimen.  Illustrated  in 
Figure  29  are  the  detailed  specimen  geometries  required  for  Task 

3.  A  total  of  14  multi-test  and  60  single  test  specimens  were 
fabricated  to  complete  the  evaluation  of  manufacturing  and 
service  anomalies. 

3.  SPECIMEN  QUALITY  ASSURANCE  -  Hercules  AS/3501-6  graphite- 
epoxy  was  the  sole  material  system  used  in  Task  3.  All  material 
was  qualified  prior  to  panel  fabrication  as  described  in  Section 

II  .3. 


Autoclave  cure  cycles  were  accepted  based  on  process  control 
panels  accompanying  each  panel.  Interlaminar  shear  specimens 
machined  and  tested  from  these  panels  verified  acceptability  of 
each  cure  cycle  run. 

To  obtain  the  desired  anomalies  in  the  composite  specimens, 
standard  quality  assurance  of  fastener  hole  fabrication  or  panel 
fabrication  was  waivered.  The  anomalies  were,  however,  quanti¬ 
fied  using  ultrasonic  C-scan  techniques. 
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Anomaly 


1.  Out-of-Round  Holes 
"1"  Laminate  (50/40/10) 
"2"  Laminate  (30/60/10) 


2.  Broken  Fibers  on  Exit  Side  of  Hole 
Severe  Delamination 
Moderate  Delamination 


3.  Porosity  around  hole 
Severe  Porosity 
Moderate  Porosity 


4.  Improper  Fastener  Seating  Depth 
80%  of  Thickness 
100%  of  Thickness 


5.  Tilted  Countersinks 

Away  from  Bearing  Surface 
Toward  Bearing  Surface 


6.  Interference 
Fit  Tolerances 
0.003  in.  Interference 
0.008  in.  Interference 


Layup  1 
1 
2 
2 


7.  Fastener  Removal  and  Reinstallation 
100  Cycles 


A  After  freeze-thaw  cycling  A  Tensio 


I 


i 


Number  of  Tests 
Per  Environment 

RT  (Wet)  ET  (Wet) 
Compression  Compression 


Total 

Specimen 

Tests 


15.00 - 


Specimen 

Configuration 

.  +0.0022 
d’  dla  -0.0000 
(in.) 

H,  Hole  Configuration 
(Test  Variable) 

29A 

0.2495 

Out-of-Round 

29B 

0.2495 

Broken  Fibers  - 
Moderate  Dela.nination 

29C 

0.2495 

Broken  Fibers  - 
Severe  Delamination 

290 

0.2495 

Countersink  Seating  Depth  - 
80%  of  Thickness 

29E 

0.2495 

Countersink  Seating  Depth  - 
100%  of  Thickness 

29  F 

0.2495 

Tilted  Counteisink  Away 
from  Bearing  Surface 

29G 

0.2495 

Tilted  Countersink  Toward 
Bearing  Surface 

29H 

0.2465 

Interference  Fit 

291 

0.2415 

Interference  Fit 

29  J 

0.2495 

Fastener  Installation  and 
Removal  -  Protruding  Heed 

29  K 

0.2495 

Fastener  Installation  and 
Removal  -  Countersunk  Head 

Multitest  Test  Specimens 

Figure  29.  Task  3  Test  Specimens 
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Specimen 

d 

Mole  Configuration 

Configuration 

(in.) 

(Test  Variable) 

'  29L 

0.2495 

Severe  Porosity 

29M 

0.2465 

Interference  Fit 

29N 

0.2415 

Interference  Fit 

29P 

0.2495 

Broken  Fibers  - 
Moderate  Delamination 

29Q 

0.2495 

Broken  Fibers  - 
Severe  Delamination 

29R 

0.2495 

Moderate  Porosity 

29S 

0.2495 

Tilted  Countersink  Away 
from  Bearing  Surface 

29T 

0.2495 

Tilted  Countersink  Toward 
Bearing  Surface 

29U 

0.2495 

Fastener  Installation  and 
Removal  -  Countersunk  Head 

Single  Test  Test  Specimens 


Figure  29.  (Continued)  Task  3  Teat  Specimens 


GP13-011S-177 
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4.  PANEL  FABRICATION  -  Four  panels  were  fabricated  using 
AS/350 1-G  graphite- epoxy  for  Task  3.  Layup  variations  used  were 
the  baseline  50/40/10  and  the  30/60/10  laminate  of  Task  2.  Panel 
dimensions,  ply  orientations  and  stacking  sequences  are  listed  in 
Figure  30. 


A 

A 


Panal 

No. 

Dimansions  (i.< 

— 

\  jf 

ie$ 

Stacking 

Sequence 

Graphita/Epoxy  Praprag 
Material  Used 

L 

w 

(See  Note) 

Lot  No. 

Spool  No. 

20 

48 

24 

A 

2! 

20 

A 

1.034 

3 

22 

32 

12 

A 

23 

wiMitun 


Not« 


A 


>45°  0°.  -45°,  0°,  90°.  0°.  ♦45c',  0°,  45°.  0°i  $ 


A 

A 


:*45°.  0°,  45°.  0°,  «45°,  90°.  -45°,  0°.  *45°  -45°), 

Hefculer  AS/3501-6  Graphite/Epoxy  praprag  material 
i’»i  u»*d  in  the  fabrication  ot  all  panel*. 


A 


Panel  was  fabricated  so  a*  to  contain  severe  porosity 


A 


Panel  was  fabricated  to  as  to  contain  moderate  porosity 


Figure  30.  Pinal  Configurations 


73 


Two  of  the  four  panels  were  fabricated  according  co  MCAIR 
process  specifications,  while  two  panels  were  intentional Ly  fabri¬ 
cated  to  contain  various  amounts  of  porosity.  Moderate  and 
severe  porosity  levels  were  induced  using  water  mist  and  modified 
laminate  cure  cycle  procedures.  All  panels  were  accepted  fOi. 
testing  in  Task  3. 

5.  SPECIMEN  FABRICATION  -  Specimens  ware  fabricated  from  panels 
per  MCAIR  procedures.  Unique  specimen  numbers  were  used  to 
identify  test  variable  and  panel  numbers.  The  specimen  identifi¬ 
cation  code  used  was  the  same  as  in  Task  2  (Section  II.  5)  with 
the  variable  number  found  in  the  Task  3  test  matrix  (Figure  28). 
Random  selection  of  specimens  from  within  two  panels  was  used 
prior  to  hole  drilling.  Specimens  from  porous  panels  were 
selected  by  locating  areas  of  desired  amounts  of  porosity  using 
ultrasonic  C-scan  and  orientating  specimen  dimensions  to  include 
the  porosity  in  bolt  hole  areas. 

All  manufacturing  hole  drilling  anomalies  required  fabrica¬ 
tion  procedures  not  in  compliance  with  acceptable  MCAIR 
standards.  A  detailed  description  of  the  techniques  used  for 
each  anomaly  is  given  in  the  "Special  Procedures"  section 
(Section  III .8) . 

A  total  of  78  specimens  were  fabricated  for  Task  3.  Reserve 
panel  material  was  allocated  in  all  panels  to  permit  specimen 
duplication  and  material  for  photomicrographic  examination. 
Thickness,  width  and  hole  diameter  measurements  were  recorded  for 
each  specimen. 

6.  TEST  PROCEDURES  -  All  specimens  were  tested  to  static  failure 
under  tensile  or  compressive  loadings  as  indicated  in  the  Task  3 
test  matrix  (Figure  28).  Data  documented  for  all  test  specimens 
included: 

o  Thickness,  width  and  hole  size  measurements 
o  Failure  load  and  failure  strains 
o  Load  vs  strain  plots  to  failure 
o  Load  vs  deflection  plots  to  failure 
o  Weight  gain  of  humidity  exposure  specimens 
o  Representative  photographs 

The  double  shear  load  block  with  1/4  inch  diameter  bolts 
torqued  to  50  in-lb  used  in  Task  2  was  also  used  in  Task  3. 
Load,  strain  and  deflection  measurements  were  recorded  in  the 
same  manner  as  the  baseline  Task  2  configuration. 

Specimens  requiring  moisture  preconditioning  wei e  exposed  to 
the  same  environmental  sequence  as  the  baseline  specimens  of  Task 
2.  However,  due  to  the  nature  of  the  various  anomalies,  moisture 
absorption  and  desorption  rates  were  affected  while  final  equili¬ 
brium  levels  remained  fairly  constant,  as  shown  in  Figure  31. 
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Figure  31.  Average  Moisture  Content  for  Task  3  Specimens 


1  •  TFST  EQUIPMENT  -  Task  1  testing  was  accomplished  with  the 
sa  ne  equipment  used  in  Task  2  (Section  1 1  . 7 )  .  Two  load  blocks 
were  used  in  this  task,  the  baseline  load  block  used  for  all  but 
interference  fit  fasteners  and  a  two  strap  titanium  load  block 
configuration  used  for  interference  fit  fastener  testing.  Float¬ 
ing  bushings  were  used  to  obtain  torque-up  and  to  simulate 
protruding  head  and  countersunk  ssteners. 

q •  SPECIAL  PROCEDURES  -  Special  fabrication  procedures  were 
level  oped  to  simulate  commonly  occurring  manufacturing  anomalies. 

iescr  ipt  ion  or  e=ich  anomaly  and  the  procedures  to  obtain  the 
anomaly  are  given  in  the  following  paragraphs. 

Out -of- round  holes  were  produced  by  drillinc  two  nominally 
si/.ed  holes  .dug  inch  otfset.  The  holes  were  elongated  perpendi¬ 
cular  to  the  specimen  axis  (Figure  32a). 

7  5 


100°  Countersink  to 
Depth  Shown 
(Typical) 


0.2495 


-0.2495 

|o.004 


1.00- 


0.75  -H 


0.002 


a)  Out-of-Round  Holes 


Exit  Side 
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Qelamination 
within  the  Last 
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Thickness 

b)  Broken  Fibers  -  Moderate  Delamination 


Exit  Side  f 
of  Holes—' 


Delammatior 
within  the  Last 
20-  30%  of  Specimen 
Thickness 

c)  Broken  Fibers  •  Severe  Delamination 


100°  Countersink  to 
Depth  Shown  (Typical) 


0  2495 
•  Typical) 


80%  of  Specimen 
Thickness 


d)  Countersink  Seating  Depth  80%  of  Thickness 


0.2495  dia 
(Typical) 


100%  of  Specimen 
Thickness 


e)  Countersink  Seating  Depth  100%  of  Thickness 


1.00 


—  0.75 


1 


■n 

s 

■ 

0.502 


+0.005 

-0.000 


0.2495  dia 
(Typical) 
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V^10°  (Typical) 

'  y  for  Countersink 
\  Only 


f)  Tilted  Countersink  -  Away  from 
Bearing  Surface 


g)  Tilted  Countersink  -  Toward  Bearing  Surface 

View  Similar  to  f  Except 
Countersinks  Tilted  in  Opposite  Direction 


100°  Countersink 
+0.005 
-0.000 
dia  (Typical) 


x  0.502 


1.00 


0.2495  dia 
(Typical) 


h)  Fastener  Installation  and 
Removal  -  Countersunk  Head 


Broken  fibers  on  the  exit  side  of  a  hole  were  obtained  using 
improper  drilling  techniques.  Dull  drill  bits  and  no  backup 
material  was  used  for  these  specimens.  Moderate  laminate  delami¬ 
nation  in  the  vicinity  of  the  hole  was  produced  by  force  feeding 
drill  bits  through  the  last  10  to  20  percent  of  specimen  thick¬ 
ness  with  severe  delarninat  ions  produced  by  force  feeding  drill 
bits  through  the  last  20  to  30  percent  of  specimen  thickness 
(Figures  32b  and  32c). 

Laminate  porosity  was  obtained  by  modifying  panel  layup  and 
cure  cycle  procedures.  Summarized  in  Table  6  are  the  procedures 
varied  from  the  baseline  to  obtain  moderate  and  severe  levels  of 
porosity.  Through-the-thickness  photomicrographs  of  bolt  hole 
areas  indicates  the  severity  of  the  porosity  induced  by  the  two 
procedures  (Figures  33  and  34).  Two  moderate  porosity  and  two 
severe  porosity  specimens  were  subjected  to  freeze-thaw  cycling 
after  environmental  exposure  and  prior  to  testing.  The  freeze- 
thaw  cycle  procedures  followed  are  presented  in  Figure  35. 


TABLE  6.  NONSTANDARD  PANEL  FABRICATION  PROCEDURES 


Altered  hr  oca  dura 

Specification 

Panel  Number 

22 

23 

Vacuum  Debulk 

Intermediate  Temperature  Hold 
Bag  Vacuum 

Autoclave  Pressure 

Moisture  Induced 

Results  A 

Yes 

1  hr  at  275°  F 
0.0E  in.  Hg 
100  psig 

None 

Good  Panel 

None 

None 

0.8  in.  Hg 

50  psig 

Every  7th  Ply 
Moderate  Porosity 

None 

None 

1.5  in.  Hg 

50  psig 

Every  Ply 

Severe  Porosity 

A  Verified  by  ultrasonic  and  radiographic  NDI 


DPI  9-01  IS  1«J 


Figure  33.  Severe  Porosity  In  Test  Specimen  Indicated  by  Photomicrographs 
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Figure  35.  Freeze-Thaw  Exposure  Profile 


Countersunk  head  depths  of  80%  and  100%  of  the  laminate 
thickness  were  drilled  to  determine  their  effect  on  laminate 
bearing  strength  (Figures  32d  and  32e) .  Standard  drilling 
procedures  preclude  such  knife  edges. 

Tilted  countersinks  were  drilled  10°  off  the  normal  to  the 
surface  as  illustrated  in  Figure  32f.  Initially,  clearance  fit 
holes  were  nominally  drilled  perpendicular  to  the  laminate 
surface.  Countersinks  were  tilted  toward  and  away  from  the  bolt 
bearing  surface  of  the  straight  shank  hole. 

Two  interference  fit  levels  were  investigated  in  Task  3. 
Holes  were  drilled  undersize  and  fasteners  installed  by  pulling 
the  fastener  through  the  hole  and  into  backup  material  to  avoid 
delaminations.  Section  cuts  were  made  to  determine  the  amount  of 
internal  damage  caused  by  various  amounts  of  interference. 
Photomicrographs  of  the  section  cuts  are  presented  in  Figures  36 
through  39. 
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Bolt  Installed  from  This  Side 


Hole  Dia  =  0-2466 

GP13-0 .  15  .#» 


Figure  39.  Photomicrographic  Results  of  0.0030  Inch  Interference  Fit 
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Fastener  removal  and  reinstallation  of  100  cycles  was 
required  for  the  seventh  anomaly.  Fasteners  were  torqued  to  50 
in-lb  for  each  cycle.  Countersunk  fasteners  were  used  for  this 
study.  Standard  hole  preparation  procedures  were  used  to 
fabricate  these  specimens. 

To  determine  and  quantify  the  severity  of  each  anomaly, 
ultrasonic  C-scans  were  used.  Representative  C-scans  for  those 
variables  in  v/hich  the  extent  of  damage  was  not  mechanically 
measurable  are  shown  in  Figure  40.  The  interference  fit  hole  in 
Figure  40  was  prior  to  fastener  installation  and  represents  a 
benchmark  to  compare  the  other  anomalies  to.  These  C-scans  would 
indicate  rejectable  items  using  standard  production  quality 
assurance  procedures. 

0.  TEST  DATA  -  All  Task  3  test  data  are  presented  in  this 
section.  Results  tabulated  include;  specimen  geometric  data, 
moisture  content  data,  failure  loads,  failure  strains  and  failure 
mode  information. 

Tension  and  compression  strength  test  data  are  detailed  in 
Tables  7  and  8  respectively.  Test  specimen  setup  configuration 
figures  referenced  in  the  tables  are  also  included  (Figure  41). 
Representative  photographs  of  failed  specimens  are  shown  in 
Figures  42  through  45. 
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Specimen  Number  6-21-3 


Interference 
Fit  0.2465 
Dia  Holes 


Specimen  Numlrer  2  20-12 


i  :  i:*:  — :  :  ■  .*i 
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Broken  Fibers 
Moderate 
Delamination 


Specimen  Number  2-20-2 


Severe 

Delamination 


Severe 

Porosity 


Moderate 
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Figure  40.  Ultrasonic  "C'-Scans  of  Test  Specimen  Anomalies 


TABLE  7.  TENSION  STRENGTH  TEST  DATA 
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TABLE  7.  (Continued)  TENSION  STRENGTH  TEST  DATA 


TABLE  8.  COMPRESSION  STRENGTH  TEST  DATA 
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Figure  44.  Bearinq-Shearout  Mode  of  Failure 
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Figure  45.  Bearing  Shearout  Mode  of  Failure 
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PA.SK  4  TESTING  -  CRITICAL  OINT  DESIGN 
VARIABLES  ON  FATIGUE  LIFE 


1.  TASK  4  -  TEST  MATRIX  AND  TEST  OBJECTIVE  -  The  objective  of 

Task  4  was  to  evaluate  the  influence  on  fatigue  life  of  seven 
design  variables  and  manufacturing  anomalies  which  were  shown  to 
have  a  significant  effect  cn  static  strength  in  Tasks  2  and  3. 
rnhe  test  variables  selected  and  fatigue  parameters  tested  are 
shown  in  the  Task  4  test  matrix  of  Figure  46. 


TEST  VARIABLE 


2  I  STACKING  SEQUENCE 
50/40/10  A  A 


19/76/5  A  A 


TORQUE  UP 
T  -  160  IN.-LB 


50/40/10  A 


T  -  160  IN.-LB 
19/76/5  A 


MAX 

FATIGUE 

STRESS 


NO.  OF  TESTS 
CONSTANT  AMPLITUDE 


NO.  OF  TESTS 
SPECTRUM  FATIGUE 


/l\  Complementing  static  tfsts 


0.375  in.,  w/d  =  6,  e/d  =  3 


/A  Torque  t'p  =  0 


QP1WU£  to* 


Figure  46.  Task  4  •  Evaluation  of  Critical  Joint  Design 
Parameters  on  Fatigue  Life  •  Test  Matrix 
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Static,  constant  amplitude  and  spectrum  fatigue  testing  was 
performed.  All  constant  amplitude  testing  was  performed  at  room 
temperature  with  dry  (as  manufactured)  specimens.  For  the  base¬ 
line  layup  (50/40/10)  spectrum  fatigue  testing  was  performed  at 
four  environmental  conditions:  room  temperature  dry  ( RTD ) ,  room 
temperature  wet  (RTW),  elevated  temperature  wet  (ETW),  and 
elevated  temperature  wet  with  thermal  spike  (TS)  exposure. 
Elevated  test  temperature  and  moisture  preconditioning  levels 
respectively  were  250°F  and  .86%  by  weight.  Two  additional  lay¬ 
ups  (30/60/10  and  19/76/5)  were  selectively  tested.  A  replica¬ 
tion  of  three  tests  were  performed  for  each  variable  for  a  total 
of  351  tests  in  Task  4. 

2  .  SPECIMEN  CONFIGURATION  -  The  single  bolt  pure  bearing  speci- 
r  ?n  of  Task  2  was  used  to  obtain  data  on  bolted  composite  joint 
performance  under  cyclic  loading.  Baseline  specimen  geometry  is 
shown  in  Figure  47.  To  avoid  bolt  failures  during  fatigue  test¬ 
ing,  3/8  inch  diameter  steel  fasteners  were  used.  For  complement¬ 
ing  static  tests,  specimens  were  strain  gaged  to  obtain  strain 
and  stiffness  response  data  to  failure.  In  Task  4,  54  static 
tests  and  297  fatigue  test  specimens  were  required  to  complete 
the  experimental  evaluation  of  fatigue  life  of  bolted  composite 
joints . 

3.  SPECIMEN  QUALITY  ASSURANCE  -  All  quality  assurance  proce¬ 
dures  described  in  Section  I I. 3  were  adhered  to  in  Task  4. 

4.  PANEL  FABRICATION  -  Ten  panels  of  AS/3501-6  graphite-epoxy 
were  fabricated  for  Task  4.  Panel  dimensions,  corresponding  ply 
orientations  and  stacking  sequences  are  listed  in  Figure  48.  To 
maintain  unique  panel  identification  within  the  entire  test  pro¬ 
gram,  Task  4  panels  were  consecutively  numbered  starting  from  the 
last  panel  number  used  in  Task  3.  Layups  of  50/40/10  and 
30/60/10  were  identical  to  those  tested  in  Tasks  2  and  3.  A 
third,  more  matrix  dominated  layup  (19/76/5)  was  evaluated  for 
greater  generality  of  test  results. 

Nine  panels  were  fabricated  per  MCAIR  process  specifica¬ 
tions.  Panel  number  30  was  intentionally  fabricated  to  contain  a 
moderate  amount  of  porosity.  All  panels  were  evaluated  ultra- 
sonically  and  accepted  for  testing. 

5  .  SPECIMEN  FABRICATION  -  Specimens  were  fabricated  from  the 
panels  per  MCAIR  process  specifications.  Identification  of  each 
specimen  was  accomplished  using  the  following  code: 
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of 

s 


!>>  &> 


H  h"  of°Plies 


Panel 

No. 

No. 

of  Plies 

Stacking 
Sequence 
(See  Note) 

Graphite/Epoxy  Prepreg 

Material  Used 

Lot  No. 

Spool  No. 

24 

20 

A 

1,290 

8 

25 

A 

8  (Plies  1  -  13) 

12  (Plies  14-20) 

26 

A 

12 

27 

A 

12  (Plies  1  -  8) 

9  (Plies  9-  20) 

28 

9 

29 

9  (Ply  1) 

1  (Plies  2-  20) 

30 

1  230 
1,010 

1  (Plies  1  -  3) 

5  (Plies  4 -20) 

31 

21 

A 

1,487 

1 

32 

A 

1  (Plies  1  -  4) 

2  (Plies  5-  21) 

33 

2  (Plies  1-11) 

3  (Plies  12-21) 

Notes: 


[+45°,  0°,  -45°,  0°,  90°,  0°,  +45°,  0°,  -45°,  0°ls 
[+45°,  0°,  -45°,  0°,  +45°,  90°,  45°,  0°,  +45°,  -45°]  s 
1+45°,  -45°.  0°2,  90°,  0°,  +45°,  -45°,  0°2)S 


IH  45°.  -45°.  0°)2,  (+45°.  — 45°)2,  90°,  (  -4?°.  +45°)2,  (0°,  45°,  +45°>2] 

(+45°,  0°,  -45°,  0°,  (+45°,  -45°)3,  90°,  (  -45°,  +45°)3,  0°,  -45°,  0°,  +45°] 

Panel  was  fabricated  so  as  to  contain  moderate  porosity.  Panel  was  not  vacuum 
debulked  during  collation  and  a  fine  mist  of  water  was  sprayed  between  plies 
5  and  6,  plies  10  and  1  and  plies  15  and  16  during  collation  procedures. 

QP1 3-01 15*200 

Figure  48.  Panel  Configurations 
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XXX 


XX 


X 


I _  specimen  number 

—  panel  number 
—  fatigue  variable  number 


The  fatigue  variable  number  in  identified  in  the  Task  4  test 
matrix.  Figure  46.  A  random  selection  of  specimens  for  each  test 
was  done  wherever  possible. 

A  total  of  351  specimens  were  fabricated  for  Task  4.  Space 
was  allocated  in  each  panel  for  specimen  duplication  and  material 
examination  as  necessary.  Thickness,  width  and  hole  diameter 
measurements  were  recorded  for  each  specimen  after  fabrication. 

6.  TEST  PROCEDURES  -  Data  documented  for  all  static  test 

specimens  in  Task  4  included: 

o  Thickness,  width  and  hole  size  measurements 
o  Failure  load  and  failure  strains 
o  Load  vs  strain  pxots  to  failure 
o  Load  vs  deflection  plots  to  failure 
o  Weight  gain  of  humidity  exposure  specimens 
o  Representative  photographs 


Data  documentation  for  the  fatigue  specimens  included: 

o  Thickness  and  width  measurements 
o  Hole  size  measurements  before  and  after  fatigue 
o  Loading  conditions 
o  Cycles  to  failure 
o  Hysteresis  plots 
o  Residual  strength 

c  Weight  gain  of  humidity  exposure  specimens 
o  Representative  photographs 

A  double  shear  load  block  with  a  3/8  inch  diameter  bolt  was 
the  loading  fixture  used  for  most  of  the  fatigue  test  program. 
The  baseline  fatigue  configuration  required  bolts  to  be 
untorqued. 

Based  on  the  associated  static  load-deflection  data,  load 
levels  for  the  fatigue  test  program  were  chosen.  Load  levels  for 
constant  amplitude  R  =  .1  fatigue  specimens  were  chosen  at  the 
point  of  initial  nonlinear  behavior  on  the  static  load-deflection 
curve,  and  above  and  below  this  load  level.  Load  levels  for  con¬ 
stant  amplitude  R  =  -1  and  spectrum  fatigue  were  based  on  R  =  .1 
results . 
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Hysteresis  curves  were  documented  at  incremental  increases 
in  total  joint  deflection  by  presetting  the  MTS  machines  to  auto¬ 
matically  interrupt,  cycling  at  predetermined  amounts  of  total 
joint  deflection.  To  obtain  an  accurate  measurement  of  permanent 
hole  elongation,  documented  hysteresis  loops  were  compression- to- 
tension  loadings  to  assure  that  the  bolt  was  seated  on  the 
backside  of  the  hole. 

Cyclic  rates  were  maintained  within  the  envelope  of  the  MTS 
machine  to  accurately  sustain  the  required  loads.  In  some  tests, 
as  holes  elongated,  cyclic  rates  were  decreased  to  assure  accur¬ 
ate  performance. 

The  random  load  spectrum  used  in  Task  4  was  an  "F-15  Mea¬ 
sured-Mix  Wing  Spectrum-Truncated".  This  spectrum  was  generated 
by  combining  three  F-15  wing  baseline  spectra  (Air-to-air,  air- 
to-ground,  and  instrumentation  and  navigation)  into  one  spectrum 
termed  "F-15  Wing  Measured  Mix".  The  Measured  Mix  spectrum  is  a 
cycle-by-cycle  history  based  on  F-15  measured  load  factor 
exceedances.  The  distribution  of  hours  and  exceedances  for  the 
air-to-air,  air-to-ground,  and  instrumentation  and  navigation  in 
the  Measured  Mix  spectrum  are  given  in  Table  9.  To  obtain  the 
"truncated"  spectrum,  low  loads  in  the  baseline  spectrum  were 
truncated  at  55%  test  limit  load  (TLL),  resulting  in  5000  load 
cycles  per  thousand  hours.  The  exceedance  curve  for  this  trun¬ 
cated  spectrum  is  illustrated  in  Figure  49.  The  maximum  tensile 
load  in  this  spectrum  was  101%  TLL  with  a  maximum  compressi-  e 
load  of  -2(5%  TLL. 


TABLE  9.  DISTRIBUTION  OF  HOURS  AND  EXCEEDANCES 


MEASURED  MIX 

HOURS 

EXCEEDANCES  OF 
60%  LIMIT  STRESS 

AIR-TO-AIR 

700 

3,150 

AIR-TO-GROUND 

100 

140 

INSTRUMENTATION 
AND  NAVIGATION 

200 

10 

TOTAL 

1,000 

3,300 

10  5 


t 


PERCENT  DESIGN  LIMIT  STRESS 

Figure  49.  Measured  Mix-Truncated  Spectrum 


Specimens  requiring  moisture  preconditioning  were  exposed  to 
an  environmental  schedule  which  allowed  specimens  to  obtain  an 
equilibrium  level  of  approximately  .86  percent  moisture  by  weight 
in  the  least  amount  of  time.  Results  of  the  moisture  precondi¬ 
tioning  schedule  used  are  given  in  Figure  50. 

Twelve  moisture  preconditioned  baseline  specimens  were 
tested  at  an  elevated  temperature  of  250 °F.  An  environmental 
chamber  enclosed  the  specimens  during  testing  to  maintain  tempera¬ 
ture  and  humidity  conditions.  During  fatigue  loading  of  the 
twelve  specimens,  identical  moisture  preconditioned  coupon  speci¬ 
mens  were  simultaneously  subjected  to  the  same  environment  to 
determine  moisture  level  changes.  These  coupon  specimens,  weighed 
immediately  before  and  after  the  fatigue  testing,  resulted  in 
negligible  moisture  differences.  Also,  twelve  specimens  were 
subjected  to  thermal  spikes  prior  to  testing  (described  in  detail 
in  Section  IV.8). 

Randomly  selected  specimens  were  statically  tested  for 
residual  strength  after  completion  of  the  fatigue  evaluation. 
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Figure  5G.  Tusk  4  Environmeniai  Exposure  Schedule 


7.  TEST  EQUIPMENT  -  Task  4  testing  was  accomplished  with  100,000 
pound  capacity  MTS  machines.  All  machines  were  equipped  with 
hydraulic  grips  and  circuitry  necessary  to  automatically  shut  off 
the  machine  at  preselected  head  displacement  values. 

Double  and  single  shear  load  blocks  used  in  Tasks  2  and  3 
were  also  used  in  Task  4.  No  wear  was  detected  of  the  load 
blocks  after  fatigue  testing  was  completed. 

8.  SPECIAL  PROCEDURES  -  One  panel  was  fabricated  with  a  moderate 
amount  of  porosity  by  modifying  panel  layup  and  cure  cycle 
procedures.  The  procedures  used  were  identical  to  those  used  in 
Task  3  (Section  III.8).  Ultrasonic  inspection  was  used  to  quan¬ 
tify  the  amount  of  porosity  and  to  locate  specimens  within  the 
panel  to  obtain  moderate  porosity  levels  within  the  bolt  hole 
area . 
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Twelve  baseline  specimens  were  subjected  to  thermal  spikes 
during  environmental  preconditioning.  The  thermal  spikes  were 
representative  of  measured  P-15  flight  test  data  for  a  supersonic 
dash.  The  thermal  spike  procedure  used  is  reclined  in  Figure  51. 
Ideally,  heat-up  and  cool-down  rates  of  1®F  per  second  were 
required.  Specimens  were  weighed  immediately  before  and  after 
thermal  spiking  to  determine  moisture  absorption  characteristic 
changes.  These  weight  measurements  indicated  no  moisture  loss 
during  the  thermal  spike  exposure.  A  series  of  ten  thermal 
spikes  were  performed  allowing  two  days  of  environmental  exposure 
(180°F  -  55%  RH )  between  spikes. 


Figure  51.  Thermal  Spike  Cycle 
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TEST  DATA 


present  ed  in 
pa rts;  static 
fat igue  tests. 


-  Results  of  all  test  data 
this  section.  Test  results 
tests,  constant  amplitude 


obtained  in  Task  4  are 
are  divided  in  three 
fatigue  and  spectrum 


a.  static  Tests  -  Tension  strength  test  data  used  to  deter¬ 
mine  fatigue  load  levels  are  presented  in  Table  10.  Associated 
specimen  and  test  setup  configurations  are  shown  in  Figure  52. 
Representative  photographs  of  specimen  failures  are  shown  in 
Figures  53  and  54. 

b.  Constant  Amplitude  Fatigue  -  Results  of  the  constant 
amplitude  fatigue  te3ts  performed  in  Task  4  are  summarized  in 
Table  11.  Corresponding  specimen  and  test  set-up  configurations 
for  these  tests  are  included  in  Figure  52,  Photographs  of  repre¬ 
sentative  failed  specimens  are  shown  in  Figures  55  through  58. 

c.  Spectrum  Fatigue  -  Results  of  specimens  subjected  to 
spectrum  fatigue  are  presented  in  Table  12.  Test  set-up 
configurations  for  spectrum  fatigue  are  shown  in  Figure  52. 
Representative  specimen  failures  are  shown  in  Figure  59. 


STATIC  TENSION  STRENGTH  TEST  DATA 
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TABLE  10.  (Concluded)  STATIC  TENSION  STRENGTH  TEST  DATA 
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Figure  52.  Task  4  Test  Setups 
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13/16  I.D.  x  1-1/4  0. 
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Tajt  Configuration  52D 


Test  Configuration  52C 

Figure  52.  (Continued)  Task  4  Test  Setups 
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Figure  52.  (Concluded)  Task  4  Test  Setups 
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Figure  53.  Static  Net  Section  and  Tension  ■  Cleavage  Modes  c'  Failure 
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Figure  54.  Static  Bearing  and  Shearout  Modes  of  Failure 
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TABLE  11.  CONSTANT  AMPLITUDE  FATIGUE  TEST  DATA 


Sl<3 

s 

0 

r~ 

0 

S 

0 

0 

0 

© 

0 

0 

G 

0 

0 

in 

0 

0 

0 

i 

0 

© 

© 

0 

0 

© 

0 

0 

Residual 

Failing 

2 

— 

1 

8.975 

i 

8.820 

1 

9,220 

o 

CM 

CD 

oo' 

! 

8,540 

9.140 

1 

o 

R 

oo 

8,520 

1 

s 

co 

11,420 

1 

10,460 

o 

CM 

00 

o' 

1 

i 

yn 

1 

10,140 

oo 

n 

a 

1 

0.387 

1 

8880 

1 

1 

0.398 

1 

1 

0.420 

0.407 

0.410 

0.426 

0.427 

0.425 

0.443 

s 

o 

1 

0.408 

0.390 

1 

1 

0.393 

0.398 

Mf- 

0.394 

O 

5* 

o 

0.409 

0.408 

Tot*i  Htid 
Da  flection 

(in.) 

<£] 

0X1312 

0.0358 

0.0382 

0.0468 

0.0372 

0.0368 

0.0378 

0.0454 

OO 

? 

R 

CD 

0.0450 

0.0736 

0.0622 

0.C608 

0.0822 

03)790 

80800 

I 

R 

o 

0.0824 

0.0420 

0.0522 

s 

o 

0.0434 

0.0458 

0.0394 

0.0417 

0.0610 

0X381 

0X610 

0.0612 

0X600 

Cycles  to 
Failure 

A 

...  . 

(H)  OOffSS 

x 

o 

CN 

CT) 

2,500  (H) 

371  (H) 

18.000  (H) 

30,000  (H) 

56,760  (H) 

X 

g 

R 

£ 

CO 

X 

O 

o 

R 

If) 

f*v 

to 

z 

g 

R 

U*> 

CD 

LO 

z 

CM 

22,950  (H) 

X 

CD 

O 

cm' 

X 

o 

03 

CD 

2,690  (H) 

9,730  (H) 

X 

8 

R 

129,000  (H) 

3,130  (H) 

420  (H) 

950  !H) 

32,090  (H) 

18,820  (HI 

X 

o 

CO 

(N)  OOO'OOO'l 

X 

s 

2. 

CD 

O 

1,000,000  (N) 

10.120(H) 

4,470  (H) 

11.860  (H) 

Cyclic 

Rata 

(Hi) 

A 

> 

UO 

1  and  5 

LO 

1 

LTJ 

CM 

> 

in 

CD 

in 

in 

TS 

C 

CO 

tn 

in 

a  — 

-J 

Min 

CD 

*± 

UO 

640 

550 

500 

-5,000 

QOS'S- 

o 

o 

in 

Y 

640 

CD 

S 

515 

-5,000 

_ 

X 

tea 

2 

O 

o 

V 

in 

6,400 

— 

5,500 

o 

o 

R 

LT> 

5,000 

5,500 

4,500 

6,490 

5,400 

5,150 

5,000 

S  o 

£  S 

GO  cc 

ci 

-1.0 

O 

7 

Hole 

Oia 

(ir..) 

A 

0.3748 

0.3749 

0.3750 

0.3748 

0.3748 

meo 

0.3762 

0.3748 

0.3745 

0.3748 

0.3745 

0.3749 

0.3747 

0.3751 

0.3749 

0.3746 

0.3748 

0.3746 

0.3747 

0.3745 

0.3748 

0.3746 

0.3748 

0.3746 

OO 

«e- 

r** 

CO 

o 

0.3746 

0.3749 

0.3748 

0.3747 

0.3747 

Width 

(in.) 

2.255 

2.253 

2.254 

2.254 

2.254 

2.255 

2.254 

2.254 

in 

CM 

CM 

2.255 

2.255 

2.254 

Lf) 

in 

CM 

CM 

2.254 

2.255 

2.255 

2.255 

2.255 

2.254 

2.253 

2.254 

2.254 

2.255 

2.255 

2.254 

2.254 

in 

in 

CM 

CM 

2.255 

2.255 

2.255 

Thickness 

(in.! 

0.2255 

0.2227 

0.2308 

0.2233 

0.2293 

0.2188 

0  2256 

0.2285 

0.2218 

0.2243 

0.2250 

0.2312 

0.2239 

0.2302 

0.2246 

0.2255 

0.2306 

0.2305 

0.2317 

0.2162 

0.2238 

0.2298 

0.2248 

0.2249 

0.2269 

0.2191 

0.2325 

0.2258 

0.2217 

0.2317 

Fastener 
Torque 
(in. lb) 

0  +  Gap 

i  | 

»-  ts 
> 

Baseline 

Percent 

0°/45o/90° 

Plies 

o 

O 

CD 

UO 

30/60/10 

Specimen  and 
Test  Setup 
Configurations 
(See  Figures) 

47A, 52A 

47A, 52F 

47A.52A 

U. 

U- 

< 

r^. 

Specimen 

Number 

1  28  22 

«o 

N 

i  24  22 

!  12810 

1  24  36 

1  27  39 

1  28  14 

i  1  28  36 

1  284 

1272 

1-28-31 

03 

CM 

127-15 

|  1  24  38 

1  28  33 

1  27  38 

1-24  23 

1  24  31 

1255 

125-27 

|  1252 

1  25  25 

1-25-9 

!  125-20 

O 

CO 

in 

CM 

1  2523 

I  12512 
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"C"  following  hole  diameter  dimension  indicates  that  hole  was  countersunk.  Dimension  noted  is  the  diametet  of  the 
hole  prior  to  testing. 

Loads  were  based  upon  selected  percentages  of  the  ultimate  static  tention  strength. 

"V"  indicates  that  rate  was  varied  during  testing  to  permit  the  MTS  machine  to  function  correctly  “  ”  indicates 
that  specimen  failed  while  generating  the  hysterisis  loops  for  Cycles  1  through  3. 

Cycles  to  failure  data  were  determined  according  to  the  following  criteria  (H)  -  Testing  stopped  when  total 
head  deflection  data,  as  determined  by  hysterisis  loop  data,  approached  or  exceeded  a  preselected  dimension. 

(N)  *  Testing  stopped.  IM)  -  Total  head  deflection  exceoded  preselected  dimension  while  generating  initial 
hysterisis  loops.  (F)  *  Testing  stopped  when  specimen  exhibited  complete  failure  during  fatigue  cycling. 

Total  head  deflection  data  were  determined  from  the  final  hysterisis  loop  generated  for  each  specimen 

Dimension  noted  is  the  major  d'ameter  of  the  elongated  hole  after  shutdown  of  fatigue  testing  due  to  total  head 
deflection  data  or  greater  than  Id®  cycles.  in  hole  diameter  column  indicates  that  specimen  tailed  durng 
fatigue  cycling  which  prevented  hole  measurement  or  that  specimen  was  tested  fot  residual  strength  before  hole 
measurement  was  obtained. 


Mode  of  failure  legend: 


O  O 


implies  a  combination  bearing  (compression)  shear  out  mode  cf  failure. 


(  1 J  Shearout  mode 
^  0°  and  90°  plies 
"pushed"  out  in 
front  of  bolt  hole 


extends  along  shearout 
path  and  net  section  path 


nf  bolt. 


^8^  Spocimen  test  results  were  affected  by  various  anomalies  in  ie  test  procedures.  Specimens  attracted  by  these  anomalies 
and  the  particular  anomaly  were  as  follows: 

1-28-31  -  Wrong  size  bolt  used  in  test  setup. 

1  25-30  -  Ftesidual  strength  test  conducted  with  nc  nut  on  bolt. 

3-27-17  -  Wrong  load  programmed  into  MTS  machine  at  restart  after  generating  hysterisis  loop  at  12,140  cycles  resulting 
in  failure  of  specimen. 


3-28-17  -  Specimen  failed  at  25,140  cycles  due  to  an  overload  condition  in  the  MTS. 

3-32-25  -  Failed  during  initial  startup  due  to  an  overload  condition  in  the  MTS. 

7-30-6  -  Washers  not  installed  between  load  block  surface  and  bushing  head  to  maintain  0  torque  +  gap  condition. 

7  30-34  -  Specimen  overloaded  on  tension  side  at  restart  after  generating  hysterisis  loop  ar  93.560  cycles  resulting  in 
excessive  hole  elongation. 

afMVon$-23a 
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127 


Bearing  (Tension  Side)  Tension  -  Cleavage 

Figure  56.  Constant  Amplitude  (R  --  0.1)  Bearing  and  Tension  •  Cleavage 

Modes  of  Failure 


Net  Section 


Tension  •  Cleavage 
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Figure  57.  Constant  Amplitude  (R  =  0.1)  Net  Section  and  Tension  •  Cleavage 

Modes  of  Failure 
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Bearing  (Compression  Side)  Bearing  (Tension  and  Compression  Sides) 
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Figure  58.  Constan*  Amplitude  (R  =  -  1.0)  Bearing  Modes  of  Faliure 
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TABLE  12.  (Concluded)  SPECTRUM  FATIGUE  TEST  DATA 


Notes: 

A  Data  in  the  initial  column  is  the  moisture  content  of  the  specimen  after  removal  from  humidity  exposure.  Date  in  the 
final  column  is  the  moisture  content  of  the  specimen  after  spectrum  fatigue  testing  based  upon  traveler  coupon 
moisture  content  data.  "ND"  indicates  that  no  data  was  obtained.  "RH"  indicates  that  the  traveler  coupon  was 
returned  to  humidity  exposure  after  completion  of  testing  resulting  in  an  increase  in  moisture  content.  "NA"  indicates 
that  the  specimens  were  not  exposed. 

Specimens  tested  at  250°F  were  at  250°F  for  10  minutes  prior  to  testing. 

Thickness  and  width  dimensions  were  determined  at  the  hole  location.  Dimensions  for  the  humidity  exposed  specimens 
were  determined  prior  to  humidity  exposure. 

Dimension  noted  is  the  diameter  of  the  hole  prior  to  testing. 

Loads  were  based  upon  selected  percentages  of  the  ultimate  static  tension  strength. 

Flight  hours  to  failure  data  were  determined  according  to  the  following  criteria:  (H)  -  Testing  stopped  when  total  head 
deflection  data,  as  determined  by  hysterisis  loop  data,  approached  or  exceeded  a  preselected  dimension.  (N)  »  Testing 
stopped  if  failure  did  not  occur  after  a  preselected  number  of  flight  hours.  (F)  =  Testing  slopped  when  specimen 
exhibited  complete  failure  during  fatigue  cycling. 

Total  head  deflection  data  were  determined  from  the  final  hysterisis  loop  generated  for  each  specimen  tested.  Hysterisis 
loops  were  generated  for  each  specimen  at  1,000  flight  hour. intervals.  "D”  in  total  head  deflection  column  indicates 
that  the  deflection  data  noted  was  obtained  from  the  incremental  flight  hours  hysterisis  loop  generated  immediately  prior 
to  specimen  failure. 


Specimens  were  tested  using  the  "RS01"  spectrum.  P_ov  was  101%  of  Tl.L  and  Pml„  was  -26.1%  of  TLL. 

max  jiiin 

Specimen  numbers  1-25-8.  1-25-4  and  1-25-24  were  tested  using  a  cyclic  rate  of  10  Hz.  All  other  specimens  were 
tested  using  a  cyclic  rate  cf  8  Hz. 
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Bearing  (Tension  Side) 


Bearing  •  Shearout 
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Figure  59.  Spectrum  Fatigue  Bearing  and  Bearing  -  Shearout  Modes  of  Failure 
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